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A traveling-wave THz photomixer based on a free-space optical-THz phase-matching scheme is
proposed. A dc-biased coplanar strip line fabricated on low-temperature-grown GaAs serves as the
active area of the device, and is illuminated by two noncollinear laser beams which generate
interference fringes that are accompanied by THz waves. The device with the laser-power-handling
capability over 300 mW and a 3-dB bandwidth of 1.8 THz was experimentally demonstrated. The
results show that traveling-wave photomixers have the potential to surpass small-area designs.
© 1999 American Institute of Physics. @S0003-6951~99!03719-5#The difference frequency generation of THz waves by
optical-heterodyne ~photo! mixing in ultrafast photoconduc-
tors, in particular, those based on low-temperature-grown
~LTG! GaAs, has been widely investigated as a highly tun-
able, compact, solid-state THz source for high-resolution
molecular spectroscopy and as a local oscillator for hetero-
dyne receivers in remote-sensing applications.1–5
For conventional photomixers, the output power is pro-
portional to the square of the photocurrent, and the band-
width is limited by the photocarrier lifetime and the electrode
capacitance.1 Therefore, photomixers have been designed to
have narrow electrode gaps for high photocurrent and small
active areas (;102 mm2) for small capacitance. However,
such designs have limited power handling capabilities,5 thus
restricting the THz output power. In order to overcome this
difficulty, we propose a large-area traveling-wave photo-
mixer design. The traveling-wave photomixer not only has
high-power-handling capability, but its bandwidth is also not
limited by the electrode capacitance because of the nature of
the distributed circuit elements. As high-power laser sources
are improved, the traveling-wave photomixer can provide
good THz output with wide bandwidths, and should ulti-
mately be superior to conventional small-area photomixers.
The present device consists of a dc-biased coplanar strip
line terminated by an antenna fabricated on LTG GaAs. The
;103 mm2 active area is illuminated by two laser beams
tilted at an angle with respect to each other in order to gen-
erate optical interference fringes moving along the strip line.
The heterodyne mixing process generates photocarrier den-
sity waves which are oscillating at the difference frequency,
and which are accompanied by THz traveling waves. If the
velocity of the optical fringes and the group velocity of the
THz wave are equalized, the THz waves from the distributed
area are coherently superposed and effectively emitted by the
antenna. Several authors have achieved velocity ~phase!
a!Electronic mail: matsuura@gps.caltech.edu2870003-6951/99/74(19)/2872/3/$15.00
Downloaded 08 Mar 2006 to 131.215.225.174. Redistribution subject matching between optical waves and microwaves in
traveling-wave optical waveguide photodetectors, which
slow down the microwave velocity with periodic capacitance
loading of the microwave transmission line.6,7 Such a phase-
matched waveguide photomixer requires careful design and
fabrication because of its fixed structure, and as a result,
these devices have not yet been extended to the THz range.
The free-space traveling-wave photomixer shown in Fig.
1 does not require such complicated waveguide structures
because the phase matching is fulfilled by tuning the incident
angle of the two laser beams. When a plane wave of fre-
quency f 1 arrives at the photomixer surface at an angle of
incidence u1 , the optical wave propagation constant along
the surface is given by k152p f 1 sin u1 /c, where c is the
velocity of light. If another wave with a different frequency
f 2 and an angle of incidence u2 , which has a propagation
constant of k252p f 2 sin u2 /c, is superposed on the same
spot as the first wave, an interference fringe pattern oscillat-
ing at the difference frequency f 5 f 12 f 2 is formed. Since
absorption occurs in a thin surface layer ~penetration depth
;1 mm!, the photocarriers have the same spatial distribution
FIG. 1. Experimental setup and schematic device structure.2 © 1999 American Institute of Physics
to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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ference fringes along the surface is given by
vop5
2p~ f 12 f 2!
k12k2
5
~ f 12 f 2!c
f 1 sin u12 f 2 sin u2 . ~1!
When f 1. f 2 and k1.k2 , the wave propagation direction is
parallel to k1 . It is clear that the velocity can be tuned by
changing the angle of incidence of the optical beams. On the
other hand, the group velocity of a THz wave generated in a
dispersionless transmission line is given by
vTHz5c/A~11er!/2, ~2!
where er is the dielectric constant of the substrate material.
When vop5vTHz , the generated THz waves sum coherently.
In the setup shown in Fig. 1, the optical source is a
two-frequency master oscillator power amplifier ~MOPA!
850 nm semiconductor laser system. A tapered semiconduc-
tor optical amplifier is simultaneously injection seeded by a
tunable external cavity laser (l15848– 853 nm) and a
cavity-locked fixed-frequency laser (l25854 nm), and pro-
vides a maximum two-frequency power of 500 mW.8 The
output from the MOPA is split into two beams by a 2000
groove/mm diffraction grating. The advantage of the split
collinear beam over two individual lasers is the nearly iden-
tical spatial-mode quality of the two colors, which is essen-
tial for efficient THz wave generation.
For a grating incidence angle of a550°, the diffraction
angle and its dispersion is b570° and db/d f
50.8° THz21, respectively. The diffracted beams are re-
flected by two mirrors and focused onto the photomixer by a
6-mm-focal-length cylindrical lens. The ;2-mm-diam circu-
lar MOPA beam is compressed to a ;0.4 mm32 mm ellip-
tical beam by the grating. The maximum available laser
power after the grating is ;300 mW.
In the present implementation, the incidence angle of the
fixed laser is set to zero (u250). For GaAs (er512.8), the
phase-matching condition is fulfilled when the angle separa-
tion between the two laser beams ~hereafter, the beam tilt
angle!, u1 , is approximately half the dispersion angle of the
two beams, or u1>0.5Db . Mirror M 1 is adjusted to overlap
the two laser beams at the photomixer surface. The THz
output power was measured with a silicon composite bolom-
eter. Thermal emission caused by the laser and electrical
power was estimated from the bolometer signal when one
laser beam was blocked.
The photomixer used here is fabricated on a 1-mm-thick
LTG-GaAs film grown on semi-insulating GaAs substrates
by molecular beam epitaxy ~MBE! at a temperature of
225 °C. The material was annealed ex situ by rapid thermal
annealing ~RTA! for 30 s at 600 °C in a forming gas envi-
ronment. The photocarrier lifetime of the material measured
by time-resolved reflectance was 0.28 ps. The Ti/Pt/Au metal
electrodes ~0.02/0.02/0.2 mm thickness! fabricated on the
LTG GaAs consist of a 2-mm gap and 4-mm-wide coplanar
strip line. The strip line is terminated by a 47-mm-long and
5-mm-wide dipole antenna. A hyperhemispherical high-
resistivity silicon lens is attached to the backside of the di-
pole antenna to collimate the output.
Figure 2 presents the bias voltage dependence of the dc
photocurrent of the photomixer and the THz output mea-
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photocurrent shows quadratic dependence, whereas linear
~Ohmic! dependence is expected. The quadratic dependence
of the photocurrent has been seen in LTG-GaAs photomixers
with sub-mm electrodes at high bias fields (E.105 V/cm),
where the space-charge-limited currents take place.2,5 The
data show a quadratic dependence even at low biases (E
;23104 V/cm), which might arise here, because the photon
flux per unit area is much lower than that for small-area
photomixers.
For a free-space traveling-wave photomixer, tuning of
the beam tilt angle should strongly affect the THz output.
Figure 3~a! presents the THz output dependence on the beam
tilt angle, again measured at 1 THz. The data show a maxi-
mum at u150.42°, which is close to that expected. The an-
gular width Du1 was almost independent of the THz-wave
frequency. In Fig. 3~b!, the phase-matching angle is plotted
versus frequency. The data show good agreement with the
predicted tuning coefficient of 0.42° THz21, indicated by the
solid line. These results demonstrate that the present device
works as a ~phase-matched! distributed device.
The THz output spectrum is shown in Fig. 4. As noted
above, the bandwidth of the ideal traveling-wave photomixer
should be determined mainly by the LTG-GaAs carrier life-
time, which rolls off as 6 dB/Oct. However, the data show a
3-dB bandwidth of 1.8 THz, which exceeds the carrier-
lifetime-limited bandwidth of 600 GHz, and a roll off of ;12
dB/Oct, similar to that of small-area photomixers.1 The ad-
ditional roll off can be interpreted as that arising from the
FIG. 2. The bias voltage dependence of the dc photocurrent ~triangles! and
the THz output at f 51 THz ~circles!.
FIG. 3. ~a! THz output dependence on the beam tilt angle measured at f
51 THz. ~b! The phase-matching angle vs frequency. The solid line is that
calculated from Eqs. ~1! and ~2!.to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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line, and the substrate absorption. The conductor loss9 calcu-
lated from the skin-effect resistance is 10Af dB/mm, where f
is the frequency in THz. The radiation loss10 is calculated to
be 0.6f 3 dB/mm. The substrate absorption coefficient mea-
sured with the Fourier transform infrared spectrometer was
a<0.5 mm21 at <3 THz. The solid curve in Fig. 4 is the
calculated spectrum taking into account the carrier lifetime,
the losses described above, and the impedance mismatch be-
tween the strip line and the dipole antenna. The mismatch
loss was obtained from the strip-line impedance of 76 V and
the dipole impedance in Ref. 11. The calculation shows
rough agreement with the data, but the measured bandwidth
is much wider than the calculation, due to the presence of a
flat region at 1–2 THz. In order to clarify the details of the
device property, further measurements for the devices with
various electrode structures and detailed analysis are re-
quired.
The bolometer signal of 1 Vp2p in Fig. 4 corresponds to
;0.1 mW, while the output power is predicted to be .10
mW at 1 THz for a dc photocurrent of 3 mA. This large
discrepancy might be due to coupling losses to the bolom-
eter, a shallow modulation depth of the optical interference
FIG. 4. The THz output spectrum. The solid curve is a calculated spectrum
which includes roll off by the carrier lifetime, strip-line losses, the substrate
absorption, and the impedance mismatch between the strip line and the
dipole antenna.Downloaded 08 Mar 2006 to 131.215.225.174. Redistribution subject fringe caused by imperfections in the spatial modes of the
lasers, or the space-charge-limited current which does not
contribute THz ac current, but dc current.
In conclusion, a free-space phase-matching technique for
traveling-wave photomixers has been proposed and experi-
mentally demonstrated. The device could handle the input
laser power of 300 mW, and the device bandwidth was 1.8
THz. The results show that the traveling-wave photomixer
has the potential to provide high-power THz output at fre-
quencies above 1 THz because of its power-handling capa-
bility and capacitance-free bandwidth.
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